Cap-dependent translation initiation in eukaryotes is a complex process involving many factors and serves as the primary mechanism for eukaryotic translation (37, 44). The first step in the initiation process, recruitment of the m 7 G (7-methylguanosine)-capped mRNA to the ribosome, is widely considered the rate-limiting step. It begins with recognition of and binding to the m 7 G cap at the 5Ј end of the mRNA by the eukaryotic translation initiation factor 4F (eIF4F) complex, which contains three proteins: eIF4E (a cap-binding protein), eIF4G (a scaffold protein with RNA binding sites), and eIF4A (an RNA helicase). eIF4G's interaction with eIF3, itself a multisubunit complex that interacts with the 40S ribosome, facilitates the actual recruitment of capped RNA to the ribosome. With the help of several other initiation factors, the small ribosomal subunit scans the mRNA from 5Ј to 3Ј until a translation initiation codon (AUG) in appropriate context is identified and an 80S ribosomal complex is formed, after which the first peptide bond is formed, thus ending the initiation process (37, 44). The AUG context can play an important role in the efficiency of translation initiation (23, 44). The length, structure, and presence of AUGs or open reading frames in the mRNA 5Ј untranslated region (UTR) can negatively affect cap-dependent translation and ribosomal scanning. In general, long and highly structured 5Ј UTRs, as well as upstream AUGs leading to short open reading frames, can impede ribosome scanning and lead to reduced translation (23, 44). In addition, 5Ј UTRs less than 10 nucleotides (nt) in length are thought to be too short to enable preinitiation complex assembly and scanning (24). Thus, several attributes of the mRNA 5Ј UTR are known to negatively affect translation initiation, whereas only the AUG context and the absence of negative elements are known to have a positive effect on translation initiation (44).
Cap-dependent translation initiation in eukaryotes is a complex process involving many factors and serves as the primary mechanism for eukaryotic translation (37, 44) . The first step in the initiation process, recruitment of the m 7 G (7-methylguanosine)-capped mRNA to the ribosome, is widely considered the rate-limiting step. It begins with recognition of and binding to the m 7 G cap at the 5Ј end of the mRNA by the eukaryotic translation initiation factor 4F (eIF4F) complex, which contains three proteins: eIF4E (a cap-binding protein), eIF4G (a scaffold protein with RNA binding sites), and eIF4A (an RNA helicase). eIF4G's interaction with eIF3, itself a multisubunit complex that interacts with the 40S ribosome, facilitates the actual recruitment of capped RNA to the ribosome. With the help of several other initiation factors, the small ribosomal subunit scans the mRNA from 5Ј to 3Ј until a translation initiation codon (AUG) in appropriate context is identified and an 80S ribosomal complex is formed, after which the first peptide bond is formed, thus ending the initiation process (37, 44) . The AUG context can play an important role in the efficiency of translation initiation (23, 44) . The length, structure, and presence of AUGs or open reading frames in the mRNA 5Ј untranslated region (UTR) can negatively affect cap-dependent translation and ribosomal scanning. In general, long and highly structured 5Ј UTRs, as well as upstream AUGs leading to short open reading frames, can impede ribosome scanning and lead to reduced translation (23, 44) . In addition, 5Ј UTRs less than 10 nucleotides (nt) in length are thought to be too short to enable preinitiation complex assembly and scanning (24) . Thus, several attributes of the mRNA 5Ј UTR are known to negatively affect translation initiation, whereas only the AUG context and the absence of negative elements are known to have a positive effect on translation initiation (44) .
Two of the important mRNA features associated with capdependent translation, the cap and the 5Ј UTR, are significantly altered by an RNA processing event known as spliced leader (SL) trans splicing (3, 8, 17, 26, 36, 47) . This takes place in members of a diverse group of eukaryotic organisms, including some protozoa, sponges, cnidarians, chaetognaths, flatworms, nematodes, rotifers, crustaceans, and tunicates (17, 28, 39, 55, 56) . In SL trans splicing, a separately transcribed small exon (16 to 51 nucleotides [nt]) with its own cap gets added to the 5Ј end of pre-mRNAs. This produces mature mRNAs with a unique cap and a conserved sequence in the 5Ј UTR. In metazoa, the m 7 G cap is replaced with a trimethylguanosine (TMG) cap (m 2,2,7 GpppN) (27, 30, 46, 49) . In nematodes, ϳ70% of all mRNAs are trans spliced and therefore have a TMG cap and an SL (2) . In general, eukaryotic eIF4E proteins do not effectively recognize the TMG cap (35) . This raises the issues of how the translation machinery in trans-splicing metazoa effectively recognizes TMG-capped trans-spliced mRNAs, what role the SL sequence plays in translation initiation, and how the conserved translation initiation machinery has adapted to effectively translate trans-spliced mRNAs.
Previous work has shown that efficient translation of TMGcapped messages in nematodes requires the SL sequence (22 nt) immediately downstream of the cap (5, 25, 29) . In the current studies, we sought to understand the manner in which the SL enhanced the translation of TMG-capped mRNAs. Using a cell-free nematode in vitro translation system, we carried out mutational analyses that define the specific sequences in the SL that are required and sufficient for efficient translation of TMG-capped mRNAs. These analyses led to the discovery of a small, discrete stem-loop immediately adjacent to the TMG cap in trans-spliced messages required for efficient translation. Notably, the sequences involved in the base pairing of the stem are highly conserved in alternative SL sequences found in nematodes. We further show that the nematode eIF4E/G complex plays a major role in facilitating the SL enhancement of TMG-capped mRNA that likely occurs after the initial cap-binding step. The results demonstrate the importance of specific enhancing elements in the 5Ј UTR and adaptation in the eIF4F complex necessary for optimal capdependent translation.
MATERIALS AND METHODS
Cell-free translation. Whole-cell extracts were prepared from Ascaris embryos as previously described, except in some cases in which they were not dialyzed (25) . Translation assays were carried out without nuclease treatment of the extracts under competitive translation conditions that mimicked translation in vivo (5, 25) . Translation was carried out with the addition of reporter luciferase RNAs to the reaction mixture at 1 to 2.5 g/ml, and translation was conducted for 40 to 60 min at 30°C. Luciferase assays were carried out as described previously (5, 25) .
Extracts were depleted of the eIF4F complex essentially as described previously (10, 11) . In brief, 200 l of Ascaris embryo extract was incubated with 250 l of m 7 GTP-Sepharose 4B beads (GE Healthcare, Piscataway, NJ) equilibrated in translation dialysis buffer (20 mM Tris-HCl [pH 7.8], 50 mM KCl, 0.2 mM EDTA, 1 mM dithiothreitol [DTT] , and 20% glycerol) at 4°C for 15 min with slow rotation. The samples were centrifuged at 800 ϫ g for 2 min at 4°C, and the supernatant (depleted extract) was collected and immediately frozen. To reconstitute the depleted extract with recombinant proteins, either Ascaris eIF4G-4E3 complex at ϳ12.5 ng/l or wheat germ eIF4F, -4A, and -4B complex at 175 ng/l was mixed with an equal volume of depleted extract so that a 10-l reconstituted reaction mixture contained 25 ng luciferase mRNA, ϳ3 ng of Ascaris protein, or 43.75 ng of wheat germ protein or an equivalent volume of buffer, 2.5 l of depleted extract, and 1ϫ translation buffer (25) . As a control for 4G and 4E activity, 4E binding peptide (4E-BP) (RIIYDRKFLMECRNSPV) was added to reconstitution reaction mixtures at a final concentration of 45.4 M. In those cases, the protein was preincubated with peptide at 30°C for 10 min. Translation assays were then carried out as previously described (25) .
Wheat germ translation assays supplemented with recombinant proteins were carried out in a manner similar to that described for Ascaris translation assays. Briefly, a 20-l reaction mixture contained 125 mM KOAc, 2.6 mM MgOAc, 0.5 mM GTP, 0.5 mM ATP, 10 mM creatine phosphate, 50 g/ml creatine kinase, 2 mM DTT, and 50 M amino acid mix with 0.625 ng/l of luciferase RNA, either 62.5 ng/l of recombinant Ascaris eIF4G-4E3 or 42 ng/l of recombinant wheat germ 4G-4E or the equivalent volume of buffer, and 2.5 l of prepared wheat germ extract. Prior to addition of the extract, all other components were preincubated at 30°C for 5 min and returned to ice. Upon addition of the extract, reactions were incubated at 25°C for 2 h. Each reaction mixture was diluted at 1:25 into cold 1ϫ passive lysis preparation, and luciferase activity measurements were obtained as previously described (18) . eIF4E-3 and eIF4G expression. Ascaris eIF4E-3, which is the dominant isoform of eIF4E in early embryos and recognizes both monomethyl-and trimethylguanosine caps, has previously been described (25) . Fragments of Ascaris eIF4G were generated using degenerate PCR and then 5Ј and 3Ј rapid amplification of cDNA ends (RACE) (GenBank accession no. GQ373389). By the use of the sequence from these portions of the eIF4G mRNA, the full-length Ascaris eIF4G open reading frame (see Fig. S1 in the supplemental material) was amplified by PCR (using GACGACGACAAGATCAGGTTCAAACTTACTA TGTCCAGTAG and CGCGGGCGGCCGTTCTTAATTGAGCAACTCATA GAGATTTTC primers). Purified PCR products were treated with T4 DNA polymerase and simultaneously annealed into pET30a with an LIC Duet miniadaptor (Novagen, Madison, WI) to form a plasmid that would coexpress both proteins. The final construct, as confirmed by sequencing, consisted of eIF4G in the orf1 position with an N-terminal 6ϫ His tag followed by the miniadaptor and then eIF4E-3 in the orf2 position. The plasmid, called 4G-Mini-4E3-pET30, was transformed into the Rosetta 2 DE3 expression strain (Novagen). A 1-liter volume of culture at an optical density at 600 nm (OD 600 ) of 0.4 in LB-kanomycin (30 g/ml) was induced by adding IPTG (isopropyl-␤-D-thiogalactopyranoside) to achieve a final concentration of 0.2 mM and was incubated with shaking at 16°C for 24 h. Cells were harvested and stored at Ϫ80°C. The cell pellet was resuspended in 20 ml of lysis buffer (20 mM HEPES-KOH [pH 7.5], 300 mM urea, 200 mM NaCl, 100 mM KCl, 10% glycerol, 10 mM imidazole, 1 mM DTT, 2 Complete Mini EDTA-free protease inhibitor tablets [Roche, Indianapolis, IN], and 1 g/ml lysozyme) and incubated on ice for 30 min. The lysate was then sonicated on ice for 10 min at power setting 7.5 using 10-s pulses with 20-s rests (Misonix Sonicator 3000; Fisher Scientific). The sonicated sample was clarified by centrifugation at 16,000 ϫ g for 20 min at 4°C. The resulting supernatant was incubated with 1 ml nickel-nitrilotriacetic acid (Ni-NTA) beads (Qiagen) that had been equilibrated with His wash buffer (20 mM HEPES-KOH [pH 7.5], 300 mM urea, 200 mM NaCl, 100 mM KCl, and 10% glycerol) for 1 h at 4°C on a nutator. Protein was eluted from the Ni-NTA beads by using a stepwise gradient of imidazole concentrations in His wash buffer. Eluates (1 ml) were analyzed using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and the three eluates containing the eIF4E/G complex were collected. The sample buffer was exchanged using buffer-20 (20 mM HEPES-KOH [pH 7.6], 20 mM KCl, 0.1 mM EDTA, 1 mM DTT, and 10% glycerol) and an Amicon Ultra-4 centrifugal filter device (Millipore) (100-K cutoff). SDS-PAGE analysis revealed the two protein bands of interest (eIF4G at ϳ170 kDa and eIF4E-3 at ϳ26 kDa), constituting ϳ40% of the total protein in the sample.
RNA preparation. Reporter RNAs (Renilla or Gaussia luciferase with an 85-nt adenylate tail) were transcribed from PCR templates by the use of T7 RNA polymerase and an Ambion Megascript kit and purified as previously described (5, 25) . Cap priming was carried out at a ratio of 8:1 for cap:GTP by the use of m 7 GpppG or m 2,2,7
GpppG prepared as described previously (5, 25) . Transcription reaction mixtures were treated with DNase I and extracted with TRIzol (Invitrogen, Carlsbad, CA), and the RNAs were precipitated twice, once with isopropanol and then with ammonium acetate-ethanol. Precipitated RNAs were further washed with 70% ethanol, dissolved in water, quantitated spectrophotometrically, and examined by agarose-formaldehyde denaturing gel electrophoresis. The 5Ј UTR sequences used are illustrated in the figures for each experiment (shown as DNA sequences), and the 3Ј UTRs were as previously described (5, 25) .
SL mutations. Blocks of random mutations in the RNAs were introduced using primers that incorporated N into PCR templates at specific positions, resulting in transcribed RNAs with all four nucleotides represented at the N position. Specific nucleotide substitutions were prepared using PCR primers to generate mutant PCR templates, with the corresponding mutant RNAs transcribed in vitro as described above.
RNA stability and 5 monophosphate RNA analysis.
32
P-labeled transcripts were synthesized using Promega's Riboprobe in vitro transcription system (Madison, WI) as described previously (5, 25) . For stability analyses, uniformly labeled RNAs were added to the cell-free translation system, purified at different time points, and electrophoretically separated under denaturing conditions, and the amount of RNA remaining was determined by phosphorimager analysis using a Molecular Dynamics STORM 860 phosphorimager and ImageQuant software. Monophosphate RNAs (5Ј) were produced using RNA priming with a GMP: GTP ratio of 40:1. Dcp2 decapping of an mRNA in the extract would generate an RNA with a 5Ј monophosphate (pGN x ... versus TMGpppGN x .....). Monophosphate RNA (5Ј) was used to mimic decapped RNA in stability assays. For analysis of the amount of 5Ј monosphosphate RNAs produced during translation in the cell-free system, RNAs were isolated at various time points and treated with Terminator 5Ј phosphate-dependent exonuclease (Epicentre, Madison, WI) and the RNAs were analyzed and quantified by phosphorimager analysis of denaturing gel electrophoresis separations. Terminator is a 5Ј 3 3Ј exonuclease VOL. 30, 2010 NEMATODE eIF4E/G COMPLEX 1959 (Epicentre) that is highly specific for RNAs with a 5Ј monophosphate and does not degrade capped, 5Ј triphosphate, or diphosphate RNA (52) . SPR. The binding of proteins to short RNAs was analyzed using a BIACORE 3000 surface plasmon resonance (SPR) instrument (Biacore, Uppsala, Sweden) and Sensor Chip SA (GE Healthcare Bio-Sciences AB, Uppsala, Sweden). The chip was conditioned by three injections of 100 l of 1 M NaCl-50 mM NaOH at a flow rate of 100 l/minute. HBS-P buffer (GE Healthcare Bio-Sciences AB) (0.01 M HEPES [pH 7.4], 0.15 M NaCl, 0.005% Surfactant P-20) was used as a running buffer at a flow rate of 20 l/min. Immobilization of ligand RNA was a two-step process. First, 40 l of 2 M biotinylated oligo(dT) 23 was immobilized on all four channels (saturated response). Then, 30 l of 2 M RNA [consisting of 41-nt RNA with 20 additional As for a 3Ј poly(A) tail] was bound to each channel through dT/A base pairing. The responses for each RNA immobilization were observed to be relatively similar for all channels (1,700 to 1,900 relative units). A 100-l volume of purified recombinant Ascaris 4E-3/4G complex at various concentrations (1.73 nM, 3.45 nM, 6.9 nM, 13.8 nM, and 27.6 nM) was injected on all four channels, and response was measured. The chip was regenerated using 40 l of 6 M guanidine-HCl (pH 2.2). The data were analyzed using Scrubber-2 software (University of Utah, Salt Lake City, UT), and the bulk refractive index was floated to fit the data.
Sucrose gradient analysis of translation reactions. Translation reactions were analyzed on sucrose gradients prepared in polypropylene tubes (Seton Scientific, Los Gatos, CA) (14 by 89 mm) by layering equal volumes of 5% sucrose on 25% sucrose (5% or 25% sucrose, 50 mM Tris-HCl [pH 7.5], 50 mM NaCl, 5 mM MgCl 2 , 1 mM DTT, 100 g/ml cycloheximide). Gradients were formed using a Gradient Station apparatus (Biocomp, Fredericton, New Brunswick, Canada). Cell-free translation reactions were performed using micrococcal nucleasetreated Ascaris extract scaled up to 200 l and preincubated with 0.5 mM cycloheximide for 5 min at 30°C. Translation reactions were initiated by the addition of 250 ng of universally 32 P-labeled RNA. Following an incubation of 30 min at 30°C, reaction mixtures were diluted with an equal volume of cold homogenization buffer (100 mM Tris-HCl [pH 7.5], 100 mM NaCl, 40 mM MgCl 2 , 300 g/ml cycloheximide, 100 g/ml heparin) and 40 l of 10ϫ detergent solution (5% Trition X-100, 121 mM sodium deoxycholate). Samples were layered on top of the gradients and centrifuged at 36,000 rpm for 3 h at 4°C in a SW41 Ti rotor (Beckman Coulter, Inc., Fullerton, CA). Sucrose gradients were fractionated using a Gradient Station apparatus (Biocomp) and an FC203B fraction collector (Gilson, Inc., Middleton, WI). Fractions (350 l) were collected, and radioactivity was detected using Cerenkov counting. During fractionation, the absorbance at 254 nm was recorded using a Pharmacia Biotech UV-MII lamp (1-A sensitivity) and RecIII recorder (GE Healthcare, Piscataway, NJ) (0.2 V, 20 mm/min).
RESULTS

SL sequence and translation of TMG-capped RNAs.
To examine the function of the SL sequence in translation, we used a nematode embryo cell-free translation system that is cap and poly(A)-tail dependent, exhibits cap-tail synergism, and reproduces characteristics of trans-spliced mRNA translation observed in vivo, including the ability of the SL sequence to stimulate translation of TMG-capped RNAs (5, 25). As previously observed, TMG-capped RNA translation is less efficient than m 7 G-capped RNA translation in the nematode cell-free system (see Fig. 1A ; compare columns 1 and 2). Replacement of the first 22 nt of the test RNA with the nematode SL1 sequence significantly enhanced translation of the TMGcapped RNA but did not significantly stimulate translation of m 7 G-capped RNA ( Fig. 1A ; compare columns 1 and 3 to columns 2 and 4). Efficient translation of the TMG-capped RNA appears to be dependent on sequences within the spliced leader, since substitution of random sequences for the SL did not facilitate translation of the TMG-capped RNA ( Fig. 1A ; compare columns 5 and 6). Overall, these data show that the SL is needed for efficient translation of TMG-capped mRNAs.
Key regions of the SL required for TMG cap translation. To determine the specific sequences within the spliced leader that contribute to translation of TMG-capped mRNAs, we tested a series of random 4-nt substitutions across the entire SL in the in vitro translation system (Fig. 1B) . Mutations in two regions of the SL, Mut-1 and Mut-3, led to significant reductions in the translation of the TMG-capped luciferase reporter (Fig. 1B) . Similar results were obtained using a second luciferase reporter RNA (Gaussia luciferase) with the SL sequence placed immediately upstream of the reporter AUG (Fig. 1C) . The configuration of the SL relative to the AUG in these two 5Ј UTRs corresponds to the two major types of native transspliced 5Ј UTRs on nematode mRNAs (25) . We next determined whether the SL mutations in blocks 1 and 3 were additive by evaluating translation of a double mutant, Mut-7. The reduction in translation observed in Mut-7 was only slightly greater than that seen with either Mut-1 or Mut-3 (Fig. 1B) . To determine whether the Mut-1 and Mut-3 mutations reduced luciferase expression by decreasing mRNA stability, we examined the decay of the reporter RNAs during translation. Mut-1 and Mut-3 RNAs were slightly more stable than RNA with the wild-type (WT) SL during translation (Fig. 1D) . Similar results were obtained for the second Gaussia luciferase reporter RNA (data not shown). Therefore, mutations in the SL inhibit translation and not RNA stability.
To test the possibility that mutations in blocks 1 or 3 led to decapping of mutant versus wild-type SL RNA, we examined the rate of decay of 5Ј monophosphate RNAs (the products of RNA decapping) and compared the amounts of decapped RNAs derived from wild-type or mutant SL mRNAs that accumulated during translation in the extracts. These analyses demonstrated that decapping of mRNAs with the wild-type SL was not different from decapping of mRNAs with the mutant SLs (see Fig. S2 in the supplemental material). We conclude from these data that SL nucleotides within blocks 1 and 3 promote translation of capped mRNAs.
Specific SL nucleotides are necessary and sufficient for translation of TMG-capped RNAs. To determine the contribution of individual nucleotides within blocks 1 and 3, we examined random 2-nt mutations. All 2-nt sets within these regions contribute to the translation of TMG-capped mRNAs (see Fig. S3A and B in the supplemental material). We used blocks of random nucleotides in a nonbiased and rapid approach to define sequences that contribute to this translation effect. However, as each 4-nt block of substitutions represents 256 different RNA transcripts, we predicted that the observed reductions in translation are likely underestimates of the total effect of altering these nucleotides. We next examined several specific nucleotide mutations in block 3 for their effect on translation. Specific nucleotide substitutions led to a significant reduction in translation ( Fig. 2A ; GGGT-Mut-3 levels were only 3% of wild-type levels). Single nucleotide substitutions in block 3 and SL nt 14 (not previously tested as part of a Renilla block mutation) also greatly reduced translation (Fig. 2B) . Finally, substitution of the first nucleotide of the SL (G 3 A) or deletion of this G led to a reduction in translation (Fig. 2B) . Thus, specific nucleotides within the SL are required for translation of TMG-capped RNA in nematodes.
We next determined which SL sequences were sufficient for optimal translation of a TMG-capped RNA by comparing the translation of RNAs with fixed regions of SL sequence combined with other randomized regions (Fig. 2C) . Although mu-tations in blocks 1 and 3 of the SL led to the most dramatic reductions in translation, these two regions alone were not able to fully rescue translation of TMG-capped RNA. However, blocks 1, 3, and 4 that included the native nucleotide 14 were able to translate TMG-capped RNA as efficiently as the wildtype SL sequence. The key block 4 residue was the A at nucleotide 14 ( Fig. 2D and data not shown) . Thus, the core SL sequence sufficient for optimal translation when the TMG cap is present is GGUUUNNNNACCCANNNNNNNN.
Core SL sequences contribute to the RNA secondary structure required for translation of TMG-capped RNA. Examination of the SL sequence led to the identification of a potential stem-loop structure in the 5Ј end of the SL (Fig. 3A) . To determine whether the stem contributed to facilitating translation of TMG-capped RNAs, we tested RNAs in which each side of the stem was altered to disrupt potential base pairing along with a double mutant that restored the stem base pairing (Fig. 3B) . The mutations that disrupted the putative stem led to significant reductions in translation, but when the two mutations were combined to restore base pairing, translation was also restored (Fig. 3D) . As is consistent with these observations, selective 2Ј-hydroxyl acylation analyzed by primer exten- (33, 51) demonstrated that some of the core SL sequences were constrained and that mutations in block 3 (ACCC 3 GGGU) led to increased flexibility in blocks 1 and 3 (see Fig. S4 in the supplemental material). Together, these data demonstrate that a small stem-loop at the 5Ј end of the SL plays an important role in translation of TMG-capped RNAs.
The position and spacing of the SL determine its activity. We next examined whether spacing between the stem and block 1 nucleotides is important. Separation of the TMG cap and block 1 by as little as 2 random nucleotides dramatically reduced translation (Fig. 3E) . We next examined the importance of spacing between the two key blocks of residues (blocks 1 and 3) by evaluating the effect of increasing the distance between these elements. Spacing of more than 2 nt significantly reduced the overall translation (Fig. 3F) . We conclude that spacing between the TMG cap, block 1, and block 3 is important to translation, which in turn suggests that the loop, its length, and its location with respect to the cap are important for translation.
The nematode eIF4E/G complex, but not the wheat germ eIF4F complex, enables translation of TMG-SL RNAs. To investigate specific nematode proteins that might be involved in this translation effect, we first asked whether components of the nematode eIF4F complex were able to facilitate the enhanced translation of TMG-SL mRNAs. We depleted the eIF4F complex (typically eIF4E, eIF4G, and eIF4A) from Ascaris extracts by the use of m 7 GTP-Sepharose affinity chromatography (10, 11) . Western blot analysis of the depleted extract demonstrated that the majority of eIF4G and the three Ascaris eIF4E isoforms (eIF4E-1, eIF4E-3, and eIF4E-4) were depleted from the extracts (see Fig. S5 in the supplemental material). m 7 GTP-Sepharose depletion of the extracts reduced translation competence to 1% of the nondepleted extract levels (data not shown). Reconstitution of the depleted extract with purified recombinant Ascaris eIF4E-3 and eIF4G, the two major components of eIF4F complex, increased translation 25-fold (Fig. 4A) . Notably, eIF4E/G rescue of translation led to the translation profile observed with nondepleted extracts: significant translation of TMG-SL mRNA but limited translation of TMG-capped RNAs with SL mutations (Fig. 4A) . 4E binding proteins and peptides derived from these proteins, namely, 4E binding peptide (4E-BP), compete with eIF4G for binding to eIF4E. Preincubation of Ascaris eIF4E/G complex with a 4E-BP peptide (RIIYDRKF LMECRNSPV) prior to their addition to the extract resulted in ϳ95% loss of reconstituted translation, indicating that both the complex and interaction between the two proteins were required for reconstitution (data not shown). Reconstitution of the m 7 GTP-Sepharose-depleted Ascaris extract with wheat germ eIF4F complex (eIF4E, eIF4G, and eIF4A) did not result in the same effect for TMG-capped mRNAs (compare the ratio of WT SL/mutant SL for wheat germ [2. 05] to that determined for Ascaris extracts [4.69] ). These data suggest that the Ascaris eIF4E-3/G complex specifically contributed to the ., ϩ2N ) were designed and compared with compensating deletions (e.g., Ϫ2N) following the SL to maintain a constant length in the 5Ј UTR for translation comparisons. The plotted values were obtained by dividing the translation level of the "SL-GϩXN" value by the "ϪXN" value (see Fig. S3 in the supplemental material for the illustration of the raw data). (F) The spacing of sequences between blocks 2 and 3 in the loop of the SL is important for efficient translation of TMG-capped RNA. Experiments were carried out as described for Fig. 1 .
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on January 18, 2018 by guest http://mcb.asm.org/ translation of TMG-SL mRNAs. We also added the Ascaris eIF4E-3/G complex to wheat germ extracts, for which levels of TMG-mediated translation of WT and mutant SL mRNAs are similar ( Fig. 4B and Fig. 5A ). However, the addition of Ascaris eIF4E-3/G complex increased translation of the TMG-capped WT SL mRNA nearly 2-fold (Fig. 4B) . Together, these results suggest that the nematode eIF4E-3/G complex is one of the major determinants for the translational enhancement of TMG-capped mRNA by the SL stem-loop. The contribution of these nematode initiation factors to the translation of TMG-capped RNAs suggests that the SL affects translation initiation. To confirm this, we examined the kinetics of translation and the formation of 80S ribosomes on TMGcapped RNAs. Time course translation experiments revealed that the difference between WT and mutant SL is a difference in the rate of translation (see Fig. S6A and B in the supplemental material), which indicates that the initiation processes for these two messages are different (34, 40) . We also observed that more 80S ribosomes accumulate on the wild-type SL mRNA (see Fig. S6B in the supplemental material). Overall, these data confirm that the SL's enhancement of translation takes place at the initiation step. Unfortunately, using sucrose gradients with Ascaris extract, we were unable to resolve or trap 43S ribosome-loaded mRNAs, so we could not determine whether translation is affected before or after 43S complex loading.
SL does not affect the affinity of eIF4E/G for capped RNA. One hypothesis addressing how the nematode eIF4E/G complex works with the SL is that the SL stem-loop enhances eIF4E/G affinity for TMG-capped RNA. In order to examine this hypothesis, we used surface plasmon resonance (SPR) (32, 41) and different TMG-capped, polyadenylated small RNAs annealed to 5Ј biotin-oligo(dT) immobilized on a streptavidin chip (see Materials and Methods). The recombinant Ascaris eIF4E-3/G complex showed the same relative affinity for the WT SL, the 10,11 GT Mut 3 SL, and the stem-loop compensatory AC,GT Mut SL RNAs (Table 1 ; also see Fig. S7A in the supplemental material). These binding data are in agreement with translation experiments demonstrating that the trimethylguanosine cap analog, which directly blocks capped-RNA recruitment to eIF4F (24), does not differentially inhibit TMGcapped messages with or without the SL (see Fig. S7B in the supplemental material). UV cross-linking experiments showed that recombinant Ascaris eIF4E-3 alone did not have an increased affinity for TMG-capped RNAs in the presence of the SL stem-loop (see Fig. S7C in the supplemental material) . Similar experiments using filter binding and other SPR experiments confirmed these results (data not shown). Overall, these data suggest that the SL enhancement of translation does not involve the cap-binding affinity of the eIF4E/G complex for the RNA. In the wheat germ experiments represented by Fig. 4B , the Ascaris eIF4E-3/G complex provided a nearly 2-fold boost to TMG-WT SL mRNA translation. Thus, it remains possible that additional factors may be required to promote cap-binding or translation initiation.
Specificity of TMG-SL translation enhancement. The depletion and reconstitution of Ascaris extracts and addition of Ascaris eIF4E/G to wheat germ extracts suggest that this nematode complex is a key determinant in the translation enhancement of TMG-capped SL mRNAs and that the enhanced translation would be observed only in nematode extracts. We therefore asked whether the spliced leader sequence specifically enhanced translation of TMG-capped mRNAs in heterologous translation systems. mRNAs in eukaryotes typically have a m 7 G cap, and eIF4E, the cap-binding protein required for cap-dependent translation initiation, has a low affinity for the TMG cap (35, 43, 54) . Translation in wheat germ extracts is dependent on the presence of cap; however, translation in rabbit reticulocytes is quite promiscuous, enabling some translation of TMG-capped RNAs (6) . As shown in Fig. 5 , the SL sequence does not play the same role in enhancing translation in other eukaryotic translation systems. Thus, the effect of the SL on TMG-capped translation is specific to the nematode translation system and is enabled by nematode trans-acting factors, including eIF4E/G.
Nematode SL core sequences are conserved. The SL1 sequence is highly conserved in rhabditid nematodes (Fig. 6A) . A second spliced leader (SL2) and a number of related variants are present in Caenorhabditis elegans (19, 42) . Alignment of Ascaris SL1, C. elegans SL2 (Fig. 6B) , and several additional SL variants in nematodes (Fig. 6C) demonstrated that the key SL sequences are conserved (15) . Notably, the conservation of the SL stem is supported by the existence of covariations in some of the SLs. For example, in Pp2f SL2, covariation in nt 3 and 9 maintains the stem structure. Similar covariations are also found in Bm1a SL1 and Ppa SL2a (Fig. 6A, C, and D) .
The major differences between SL1 and SL2 are represented by the nucleotides in blocks 2 and 5 (Fig. 6C) . We examined several of these variant SLs and hybrid SLs in the Ascaris in vitro translation system (see Fig. S8A in the supplemental material). These analyses demonstrated that a hybrid SL that used the 5Ј end of SL2 with the 3Ј end of SL1 enabled efficient translation of the TMG cap (see 5Ј SL2-SL1 3Ј in Fig. S8A in the supplemental material) and that the 3Ј end of the SL plays a minimal role in facilitating translation of the TMG cap (see Fig. S8A in the supplemental material) . Overall, these data suggest that the residues (GGUUUNNNNACCCANNNNN NNN) are important for efficient translation of TMG-capped mRNAs not only in Ascaris species but also in many divergent nematode species.
In all spliced leaders identified, the three 3Ј-most nucleotides are invariably purines. We substituted three Ts for these purines but observed no effect on translation (see SL-TTT in Fig. S8A in the supplemental material) . Recently, variant spliced leaders in what is considered a basal nematode lineage, Trichinella spiralis, were described (38) . In contrast to the high conservation of SL1-and SL2-like sequences observed in other nematodes, Trichinella SLs are numerous and divergent. However, several of the spliced leaders (Tp1, Tp2, and Tp3) have portions of the conserved blocks that we have identified as important. These regions can contribute to the enhanced translation of TMG-capped mRNAs in Ascaris extracts (see Fig.  S8B in the supplemental material).
DISCUSSION
Efficient translation of a TMG-capped mRNA in the Ascaris nematode requires the associated 22-nt trans-spliced SL1 sequence (5, 25, 29) . We refer to this phenomenon as the "SL effect." Here, we define the nucleotides within the highly conserved nematode SL1 spliced leader (nucleotides 1 to 5 and 10 to 14 [GGUUUNNNNACCCANNNNNNNN]) required for the SL effect ( Fig. 1 and 2) . The identified core nucleotides contribute to a functionally required stem-loop at the 5Ј end of the SL (Fig. 3) . The contribution of the SL to efficient translation is specific to both the TMG cap and nematodes (Fig. 1A  and 5 ). Several lines of evidence demonstrate that the nematode eIF4E-3/G complex is a critical determinant for the SL effect. First, depletion of the complex from nematode ex- tracts and its reconstitution with recombinant nematode eIF4E/G complex, but not the wheat germ complex, demonstrates the SL effect ( Fig. 4A and B) . Second, the SL effect is not observed in wheat germ translation extracts. Third, the addition of the nematode eIF4E/G complex, but not the wheat germ complex, to wheat germ extracts leads to the SL effect in wheat germ extracts. Overall, these data demonstrate that the nematode eIF4E/G complex works with the SL stem-loop and associated sequences to facilitate nematode translation of TMG-capped mRNAs.
Nematode SL stem-loop required for efficient translation of TMG-capped RNA. Spacing of nucleotides within SL1 is important, with a minimal distance between the TMG cap and block 1 required (Fig. 3E and F) . The length of the loop plays a role in translation, as insertion of more than 2 nt into the loop abrogates the enhancement of translation (Fig. 3F) . The loop can be reduced by 2 nt, as illustrated by SL2, which is translated efficiently. Mutations on both sides of the stem that restore base pairing indicate that the stem is required for enhancing translation. The stem mutations introduced in this study were all transitions and thus maintained some character of the bases. While the structure is required, there also may be some sequence requirements. In addition, nucleotides within the loop and immediately 3Ј of the stem also facilitate translation of TMG-capped RNAs (Fig. 3) . The second guanine nucleotide of the TMG cap is also required for efficient TMGcapped RNA translation (Fig. 2B) . A 3-bp stem would be predicted to be quite weak, so we hypothesize that the trimethylated guanosine cap may physically interact with the cytosine or adenosine immediately 3Ј of the stem or the RNA structure to stabilize the stem and/or contribute to a novel structure. Overall, it is likely that the stem-loop structure, a higher-order structure, or its stability is dependent on some attribute specific to the TMG cap because m 7 G-capped RNA translation is not enhanced by the SL. Interestingly, highthroughput RNA sequencing of Ascaris mRNAs demonstrated that the majority of the mRNA sequences that extend 5Ј to the SL stop predominantly at the C that is immediately downstream of the stem (data not shown). These data further suggest that a structural element is present at the 5Ј end of the SL.
Mechanisms through which the eIF4E/4G complex might facilitate translation initiation. Recognition of the mRNA cap by eIF4E (and recruitment of the ribosome through eIF4G in the eIF4F complex) is a rate-limiting step of translation (13, 37, 50) . In contrast with most eukaryotic eIF4Es, Ascaris eIF4E-3 and several C. elegans eIF4Es recognize the TMG cap in addition to the m 7 G cap (20, 22, 25) . Addition of Ascaris eIF4E-3 directly to translation extracts or m 7 GTP-Sepharose-depleted extracts did not significantly enhance translation or show the "SL effect." We previously reported (using UV cross-linking) that (i) recombinant nematode eIF4E bound only to capped RNA and (ii) binding to the TMG cap appeared greater when the SL was present (25) . However, efforts to further characterize and quantify the potential interaction between eIF4E-3 and TMG-SL RNA by the use of filter binding assays, surface plasmon resonance, and other approaches did not demonstrate that the core residues, GGUUUNNNNACCCANNN NNNNN, play a large role in enhancing cap binding (see Fig.  S7B in the supplemental material). Overall, these data suggest that while nematode eIF4E may recognize the TMG cap, the SL and nematode eIF4G may be necessary to either stabilize the complex or enhance recruitment of the 43S complex for translation initiation. Therefore, it would be predicted that in the absence of the SL or with mutations in the SL, ribosome recruitment would be less efficient. The kinetics of translation and the formation of 80S ribosomes on wild-type and mutant SL mRNAs demonstrate that the SL does indeed enhance translation initiation (see Fig. S6 in the supplemental material). Experiments using cap analogs as competitive inhibitors of translation suggest the SL may contribute to translation of TMG-capped RNAs after the initial cap-binding step (see Fig.  S7A in the supplemental material) .
The data presented here suggest that the stem-loop structure does not increase eIF4E/4G's affinity for the capped messages ( Fig. 4C and D) . One possible model to explain the SL requirement for TMG-capped RNA translation is that the nematode eIF4G has adapted to interact, directly or indirectly, with the SL sequence to enhance recruitment of the 43S complex to the mRNA, form a stable 48S complex on the mRNA, enhance its scanning, or join to the 60S subunit. eIF4G is a known RNA binding protein, and interactions between eIF4E and eIF4G upon binding to the cap could enable conformation changes and interaction with the SL to facilitate translation (1, 14, 18, 21, 40, 53) . A great deal of sequence and functional diversity between eIF4Gs exists (11, 13) . Overall, Ascaris eIF4G shows only 15% identity and 12% similarity to wheat germ eIF4G and 21% identity and 14% similarity to human eIF4GI (see Fig. S1 in the supplemental material). While there is higher similarity in the core, central domain, it is difficult to identify regions of Ascaris eIF4G that might be unique and contribute to the SL effect. Experiments are under way to evaluate RNA binding of Ascaris eIF4G to the RNA stem-loop on trans-spliced mRNAs.
The specific spacing requirements necessary for efficient translation, including the distance from the TMG cap to the stem and size of the loop, suggest that a specific binding site is likely to be used by proteins. Our efforts to identify a transacting protein that binds TMG-SL RNA compared to m 7 G-SL RNA or the TMG cap alone have not yet identified any auxiliary proteins (data not shown). We were unable to detect recruitment or scanning of the 43S complex by the use of a variety of approaches and inhibitors in sucrose gradient analysis of translation extracts. Thus, we currently cannot determine whether the SL and eIF4E-3/G enhance recruitment of the 43S complex, increase ribosome scanning, or enhance formation of the 80S ribosome. Additional studies will be required to further define the detailed mechanism and contribution of nematode eIF4E/G in the enhancement of translation of TMG-capped mRNA by the SL.
Conservation of key SL1 nucleotides in other nematode spliced leaders. C. elegans has a second spliced leader, SL2 (with a number of variants) (19, 42) . Orthologous SL2 sequences are also present in several other nematodes (Fig. 6C) . Alignment of these SL2-like sequences illustrates that the most highly conserved regions consist of the sequences defined here (GGUUUNNNNACCCANNNNNNNN) that exert the greatest effect in enhancing translation of TMG-capped RNA. We show here that the C. elegans SL2 sequence is efficiently translated in the Ascaris cell-free system (see Fig. S8 in the supplemental material).
Sequence alignments demonstrate that the 3Ј end of the nematode SL exhibits considerable sequence variation (Fig. 6) , and both mutation studies and translation assays of alternative and hybrid SL sequences on reporter RNAs show that these sequences do not play a significant role in translation ( Fig. 1 ; see also Fig. S8 in the supplemental material) . Although the final three nucleotides in all nematode SLs are purines, replacement of these purines with pyrimidines had little effect on translation. Many SLs are trans-spliced immediately upstream of the AUG mRNA coding region (25) . In this context, these purines would contribute key nucleotides to the Ϫ1 to Ϫ3 in the context of eukaryotic initiation, where purines are known to play an important role in translation.
Recently, a number of highly divergent SLs in species of Trichinella, which is considered a basal member of the nematode lineage, were described (38) . Interestingly, several key residues in blocks 1 and 3 of SL1 and SL2 in the rhabditid lineage are conserved in a few of the variable Trichinella spliced leaders. While the tested Trichinella spliced leaders supported TMG translation in the Ascaris cell-free system, they were at best only ϳ50% as efficient (see Fig. S4 in the supplemental material). If the lineage is basal, the selection and conservation of these core sequences in blocks 1 and 3 may have given rise to SL1 and SL2 in some lineages. Alternatively, the sequence divergence in Trichinella SLs may indicate that this nematode lineage is highly derived.
The highly conserved rhabditid nematode SL1 sequence (see Fig. 6A ) is a core, internal promoter element for transcription of SL RNA genes but is not a key element for the trans-splicing reaction (9, 16, 31) . Here we show that the SL1 sequence conservation is also related to an important role in contributing to the overall translation of TMG-capped mRNAs. There- Role of key SL residues in vivo. Maroney et al. first demonstrated that a 10-nt substitution (nt 7 to 16) within the SL sequence led to a decrease in translation in an Ascaris cell-free system (29) . Ferguson and Rothman demonstrated that some sequences within the SL1 were critical for C. elegans embryonic survival, but their potential role in posttranscriptional gene expression was not defined (9) . Interestingly, they showed that alterations within the core sequences identified here or altered spacing between these blocks was not able to rescue embryonic lethality. These alterations did not affect SL RNA expression or the trans-splicing reaction and therefore likely altered the postsplicing function of SL1. Nucleotide substitutions downstream of the ACCCA were still able to rescue embryonic lethality, which is consistent with our translation data. Notably, the SL1 regions required for C. elegans embryonic development correspond to the regions we have identified here as necessary for optimal translation of TMG-capped RNA in our cell-free system. Here we reveal the underlying mechanism for the requirement of these SL regions.
Evolution of trans splicing and the SL effect. Efficient translation of TMG-capped mRNA in vivo or in vitro requires the spliced leader. This suggests that optimal translation of TMGcapped mRNAs evolved in the context of the downstream SL and that the initial appearance of trans splicing likely would have produced mRNAs that were not efficiently translated (5, 25) . trans-spliced mRNAs are not translated more efficiently and the RNAs are not more stable in nematode embryos compared to m 7 G-capped non-trans-spliced mRNAs (5, 25) . Therefore, the introduction and maintenance of trans splicing were most likely not related to an advantage in translation or mRNA stability but to some other advantage provided by this process. A number of trans-spliced metazoan mRNAs (apparently not the majority) are derived from polycistronic transcripts, and thus trans splicing contributes to their resolution into monocistronic mRNAs. If polycistronic transcripts were initially present in nematode lineages, trans splicing must have evolved either before or simultaneously with these atypical eukaryotic transcription units or else some alternate mechanism of translation initiation was present (perhaps internal ribosome entry sites) to enable translation of the proteins from these polycistronic transcripts.
SL stem-loops. We examined other metazoan spliced leaders for the presence of a stem-loop adjacent to the cap. Indeed, many of the spliced leaders can be predicted to form a stemloop adjacent to the cap (Fig. 7) . Thus, the presence of an SL stem-loop adjacent to the cap may be a common feature of trans splicing.
Conclusions. We have defined elements within the nematode SL1 spliced leader that form a stem-loop and the eIF4F complex required for efficient translation of TMG-capped RNAs generated by trans splicing. While sequences within the 5Ј UTR of eukaryotic mRNAs are known to have a modulating effect on translation (most often negative), our studies demonstrate the importance of specific elements in the 5Ј UTR and adaptation in the eIF4F complex necessary for optimal capdependent translation.
